When using a team of small unmanned aircraft, with no satellite communications, the operational range of the team is typically limited by line-of-sight communication constraints between an individual aircraft and a ground station, and not the endurance range of the individual aircraft within the team. By using electronic chaining to form a multi-hop communication link using the team, the overall communication range from an individual vehicle to a ground station can be increased to where the operational range of the team is only limited by the endurance range of an individual aircraft. In addition, using mobile repeaters that are driven by electronic constraints and communication performance objectives support a much greater operational deployment area and environment than would possible using geographic (range) based constraints alone. This paper presents recent developments in electronic chaining using extremum seeking methods and presents application results using the Ares unmanned aircraft system and the AUGNet 802
I. Introduction
T his paper presents recent developments in cooperative electronic chaining 1, 2 using extremum seeking methods and presents application results using the Ares unmanned aircraft system (UAS) and the Adhoc UAS Ground Network (AUGNet) 3 802.11b communications network test bed developed by the Research & Engineering Center for Unmanned Vehicles (RECUV). It was hoped that this paper would present actual flight results of the decentralized ES chaining controller running on the Ares UAS, however due to FAA restrictions 4 all UAS flights have been grounded unless clearence is approved by a certificate of airworthiness (COA). While RECUV has started the process of obtaining a COA for the Ares UAS, untill one is received all flights have been suspended. Thus this paper will instead focus on results from simulations using appropriate models for the dynamics of the Ares aircraft and the AUGNet radio system.
Cooperative electronic chaining is the formation of a linked communication chain using a team of mobile robotic vehicles, acting as communication relays in an ad hoc network, to maximize the end-to-end throughput of the chain while allowing the end nodes of the chain to move independently in an unknown, dynamic environment. Electronic chaining utilizes the fact that with networked mobile vehicles, the quality of a wireless communication link is directly influenced by the motion and location of the vehicles within the radio propagation environment. 5 Thus, controlling the location of the vehicles using a measure of communication performance can directly influence the performance of the network chain.
In this paper a decentralized extremum seeking (ES) controller that has been designed for use on nonholonomic vehicles (e.g. aircraft) to maintain an electronic communication chain using the signal-to-noise ratio (SNR) of the communication links is used. While there are numerous examples of systems that control the relative geographic position of networked vehicles to maintain communication links (e.g. see 6, 7), position based solutions cannot account for localized noise sources or an unknown radio frequency (RF) environment where there is unknown terrain and localized noise effects. Thus an adaptive, model free controller using the SNR of the individual links is required to find a true optimal (in the sense of end-to-end throughput) location for the relay nodes. In previous works by the authors 1, 8 extremum-seeking methods using a Lyapunov guidance vector field (LGVF) controller have been adapted for the electronic chaining problem. The contributions of these works were in showing that the natural orbital motion of a vehicle about a virtual center point, such an aircraft using a LGVF orbital controller, in a sampled environment provides the required dither and demodulation signals to generate a gradient estimate of performance field in an ES framework.
The specific application of the cooperative electronic chaining contoller in this paper is to maintain a solid high-quality connection from a ground control station (GCS) to a single aircraft, which would otherwise be out of communication range, using the cooperation of its teammates. The operational scenario assumed here is that the data the remote aircraft is gathering is of very high priority to an operator in the ground station and is time critical. An example of such a scenario is the downlinking of a video stream that is capturing the movement of enemy troops on a battlefield. In this case, it is more important for the operator to obtain that specific video stream in a time sensitive manner than having the team of aircraft be dispersed and continue to search for other reconnaissance targets at that moment.
Due to the dynamic constraints of aircraft, specifically they have a bounded flight speed envelope and must always maintain a forward flight speed, driving the location of an aircraft directly with ES methods is not practacle as has been done in Ref. 9 . Instead, the center point of an onboard orbital controller is controlled by the ES chaining algorithm. It is the function of the orbit controller to provide the appropriate steering rate commands to a low level autopilot on the aircraft. For a linked network chain, independent of the communication protocols used, the achievable chain throughput over time can be directly related to the individual link capacities along the chain. Specifically, the throughput of the chain, T , is limited by the link with smallest throughput capacity. Figure 1 provides a graphical example of the problem where the link between nodes 3 and 4 is limited to 1Mbps, either due to distance or environmental noise, and the rest of the chain has a 2Mbps link capacity. It is clear from the figure that even if node 1 tries to transmits at 2Mbps to node 6, that the link between nodes 3 and 4 will limit the resulting throughput to node 6 from node 1 to be 1Mbps. Thus in a communication chain with mobile nodes, the nodes should move so as to find the maximum chain througput capability,
II. Electronic Chaining Problem Statement
where T * is the globally optimal communication throughput capability for a chain in an unknown environment with localized noise sources (e.g. jamming sources). The key point is that with localized noise sources, the noise floor is not uniform over the operations environment, implying that the ability of a node to receive a message from a neighbor could be different than the neighbor's ability to receive a message from the node. This will be made clear in the next section.
II.A. Radio Frequency (RF) Environment
The signal-to-noise ratio (SNR) of an RF communication link is defined as
where P ij (p i , p j ) is the power received by node i at position p i ∈ R 2 from the transmission of node j located at p j ∈ R 2 . N (p i ) is the environmental noise seen by node i at location p i and includes thermal and interference noise. For simplification of notation, let
Which is a fundamental assumption for goegraphic range based controllers.
The Shannon-Hartley Theorem 10 states that the channel capacity C, meaning the theoretical maximum rate of clean (or arbitrarily low bit error rate) data, that can be sent with a given average SNR is
where B is the bandwidth of the channel, and C ij (p i , p j ) is the link capacity for node j at position p j transmitting to node i at position p i . While this equation gives the theoretical maximum rate, it provides a very useful relation in that the maximum achievable rate is related to the SNR of the channel. By increasing the SNR of a wireless channel, the ability of the channel to send more data is increased, providing a higher capacity capability. It should be made clear that the goal of this work is to provide the most optimal communication performance capability in a wireless chain, regardless of the actual throughput usage of the system. It is up to the wireless nodes in the system to use, or not use, the full capacity of the chain. Thus for the purpose of this paper the throughput of a wireless channel is taken to be the capacity of the channel,
Because of this assumption, the SNR of a wireless channel can be used as a direct measure of throughput capability of the chain within any unknown environment. In addition, since the throughput is a function of position (through the SNR) it can be taken to be a measure of optimal chain performance and is taken to be the performance field for the electronic chaining algorithm presented below.
II.B. Optimal Communication Chain
Let a network chain with nodes 1 through n, ordered by there position in the chain, be designated as N . Let R ⊂ N be the set of relay nodes in the network N . The set of relay nodes does not contain the two end nodes of the chain, nodes 1 and n, and are allowed to move freely and independently while nodes 2 through n-1 are mobile relays that are controlled by the electronic chaining algorithm. Define the throughput performance field as
then optimal bi-directional chain throughput capability is found by maximizing the minimum individual link capacities by moving the relay nodes in the environment. Since link capacity is a monotonically increasing function of the SNR, this can be stated as
Finally, the problem of electronic chaining is to solve
in real time, using a decentralized controller without specific knowledge or and accurate model of the SNR field. Since an accurate model for the performance field is not known, an adaptive model-free controller is required to drive the aircraft to their optimal locations.
III. Electronic Chaining ES Controller
It has been shown in previous works 11 that if the local gradients are known by the nodes, then a decentralized controller based on localized gradients can be used to drive the individual nodes to their globally optimal locations. However, in a physical environment with unknown localized noise sources, either due to faulty nodes or jamming, the structure of the SNR field is unknown and unpredictable and therefor the gradient of Eq. 5 can not be directly deteremined. In addition, the operating environment of the nodes will have an impact on the communication performance and is difficult to predict prior to deployment of the system at an unkown location. Thus a way to estimate the gradient of the performance objective in real-time, and by each mobile node, is required so that the system may be driven to the optimal operating positions, or setpoints. Extremum seeking 12 (ES) controllers are adaptive, model free controllers designed to drive the set point of a dynamic system to an optimal, but unpredictable location defined by a performance function that is only known to have an extremum point. That is, given a sufficiently smooth cost function J : RxR m → R, ES controllers seek to solve in real time the optimization problem
where J is an unknown, possibly time varying, cost function of the input parameter θ such that
The standard ES algorithm works by generating a measure of the local gradient of the mapping J(θ) by injecting a perturbation signal, α cos(ωt), directly into the plant. The output of the plant will also be sinusoidal, with a DC (or constant) offset that a high-pass filter removes. This signal is then demodulated by β sin(ωt − γ) and low-pass filtered to obtain the gradient estimate. The gradient estimate is then used to update the estimate of the optimal location,θ. See Refs. 12, 13 for formal discussions, including stability proofs and design guidelines, on single and multivariable ES.
In two dimensions, the input into the performance function has the appearance of a circular perturbation about a moving (i.e. time varying) orbit center point. It is this specific structure that the electronic chaining algorithm presented in this paper takes advantage of in that some vehicles, like aircraft, also exhibit a cyclic (circular) motion about an orbit center point when they are station keeping since they must always maintain a forward speed.
A block diagram of the decentralized ES chaining algorithm is shown in figure 3 and consists of a Lyapunov Guidance Vector Field Controller steering a 2D kinematic vehicle operating within an ad hoc network. The basic ES framework within the controller is used to estimate the gradient of the communication performance field that is used to drive the motion of the orbit center point for the LGVF controller using virtual point mass dynamics with a bounded center point velocity. Figure 3 . Decentralized electronic chaining algorithm for a 2D kinematic vehicle using a LGVF controller to provide the orbital motion of the vehicle about a virtual center point driven by the gradient estimate of the performance of a communication chain using an ES framework.
Center Point Dynamics
The most significant difference in the design of this ES algorithm from a typical ES controller is that it is a self-exciting system. That is, there is a natural limit cycle that persists in the system (the orbital motion of the vehicle) and this limit cycle provides the required dither signal into a measureable performance a D i θ (·) denotes the i th directional derivative of J.
function. Because the limit cycle that exsists due to the plant dynamics generates the sinusoidal dither signal, the performance and stability of the controller are dependent upon the performance capabilities of the vehicle. Thus to maintain stability of the ES chaining algorithm, appropriate values for the ES filters, the ES feedback gain k ES , and the maximum center point velocity must be designed for each different vehicle type with different performance abilities.
III.A. Kinematic Vehicle Model
It is assumed that the unmanned aircraft are equipped with a low-level flight control system that presents a 2-D kinematic model to the guidance layer of an autopilot system. Let p j ∈ R 2 , denoted as p j = [x j , y j ] T , be the position of vehicle j with inertial speed v = [ẋ j ,ẏ j ]
T ∈ R 2 that evolves according to the standard (cartesian) kinematic modelẋ
for aircraft j where ψ j ∈ [0, 2π) is the track angle (compass heading), v j = ||v j || is the bounded airspeed (held constant), and u j is the bounded turn rate command. Due to vehicle performance constraints, the control input for a vehicle is bounded by upper and lower limits. For an aircraft at a speed v,
where φ max is the maximum bank angle of the vehicle at speed v. Thus the steering input into vehicle j is bounded such that |u j | ≤ ω max .
It should be noted that aircraft further complicate the design of an ES algorithm due to the limited flight envelope where 0 < v min < v j ≤ v max , e.g. an airplane must maintain forward flight speed. In addition, due to the performance limitations of the vehicle, the steering rate input must be bounded as
Because of the dynamic and physical constraints that an aircraft presents, it is not practical to drive the vehicle velocity or heading directly by the ES dither signal as done in. 9 Instead a Lyapunov guidance vector field (LGVF) controller is used to drive the vehicle to an orbital (limit cycle) motion about a center point. The center point is then driven with vitural point mass dynamics by the ES framework in the chaining algorithm.
III.B. Lyapunov Guidance Vector Field Controller
To provide the sinusoidal perterbation signal required by the ES framework, A Lyapunov guidance vector field (LGVF) controller 14 is used to drive the vehicle to follow a circular limit cycle about an orbit center point, p cp ∈ R 2 . Since the vehicle is orbiting p cp , the ES algorithm does not drive the vehicle to the optimal communications position, but instead pushes p cp to the optimal communication location.
The LGVF controller is split into two components, a guidance vector field (GVF) generator and a heading tracker (HT) controller. The heading tracker drives the UA to the desired loiter circle at a radial distance of r d from the orbit center point
T as given by the generated vector field
where
2 is the squared radial distance of the UAV from the loiter center point, p cp , β is non-negative scalar, and
T is the center point velocity. The guidance vector field gives the desired velocity, which is used to generate a turn rate command to the low-level autopilot through the HT. Let e ψ = ψ − ψ d where ψ d is the desired compass heading given as
The heading angle error is driven to zero by the turn rate command
The LGVF controller provides globally stable limit cycle about p cp and is stable for any value of v cp . To be clear, the LGVF controller is stable for any value of the center point position. However, this does not imply the electronic chaining algorithm is stable, which requires the center point speed to be limited.
III.C. Center Point Dynamics
To maintain stability of the electronic chaining ES controller, the speed of the center point must be limited to a small value so that it cannot effectively run away from the vehicle. Eventhough k ES can be chosen arbitrarily small, because the magnitude of the gradient depends upon the unknown magnitude of the performance function, the value, if left unbounded, could become too large for the aircraft and the algorithm to track. Let the maximum center point velocity be bounded by a limiting factor such that
where γ 1. A smaller value of γ provides a better estimate of the local gradient from the ES framework, but also limits the convergence speed of the center point to the optimal location. To maintain a clean sinusoidal signal it is found from simulations that a value of γ = 1 3 is suitable value and provides reasonable convergence rate.
IV. Simulation Results & Flight Data
Due to the recent clarification of UAS flight operations by the FAA, it was not possible to obtain actual flight data of the the electronic chaining algorithm, only simulation data of the controller can be presented. However, actual RSSI measurements from previous flights of the Ares UAS and the AUGNet meshed network radio (MNR) do exists and are used to derive the radio model used in the simulations. These flights measured SNR as a function of the location between two similar 802.11b radios, with one mounted in the aircraft and a stationary node on the ground. A contour plot of the SNR field given off by a ground node as measured on board Ares during one of the tests is shown in figure 4(a) . The figure shows the RSSI field using a one-watt amplifier on the ground and UA nodes, feeding to a simple quarter-wave whip antenna, during 10 minutes of flight. As expected, the shape of the field does show power dropping off with increasing distance, but it also shows that the field will have some irregularities that cannot be predicted.
From this data, the radios in the simulation are assumed to follow the standard exponential decay model
where K r =5.01e7 is the link gain, d ij is the separation distance of the receiver from the transmitter, α=2.2 is the exponential decay rate, and P ij is the received power. For the simulation with a noise source, the noise source is taken to be a faulty radio transmitting with K r =5.01e6. The aircraft follow the kinematic model of Eq. 9 are bounded to the same performance constraints of the Ares aircraft which are a maximum bank angle of 40 deg, flying at 25 ms −1 . For the LGVF controller, the desired radius is set to 136 m, which results in a sustained bank angle of 25 deg. The maximum center point velocity is set to 8.25 ms −1 and the ordering along the chain is preset and maintained depending upon the starting location of the UA. figure 5(b) is the minimum link SNR along the chain. At the beginning of the simulation, the UA relays are aligned along the chain. Then at time t = 0s a noise source located at [2500,1000] m is introduced. The figure shows that the UAs react appropriately to the jamming signal due to the noise source and form a bowed communication chain. Figure 5(b) shows that the minimum SNR along the chain is continually improved to a peak value. Figure 6 shows results from a simulation with a single UA, two end nodes and no localized no source. In figure 6(a) , the position of the UA and the center point are shown. From this figure one can see that when the UA was far away, it headed directly in the direction of improving the minimum SNR (which is the SNR from the far right node) at the maximum speed of the center point. Once the UA got closer to the optimal location, the center point velocity from the ES framework becomes smaller and allows for the center point dynamics to be driven by the actual value of the gradient and becomes asymptotic. Figure 6 (b) highlights the bounded and unbounded convergence rates of the center point velocity by showing the X-Y position of the orbit center point over time. From t = (50, 500)s the positional errors (especially on the y-axis) show linear convergence rate due to the bounded center point velocity and from t > 500s the convergence rate is driven by the gradient magnitude.
V. Conclusion
This paper presented a collection of recent developments in forming an optimal communication chain of unmanned aircarft using an electronic chaining algorithm based on extremum seeking methods. It was shown that due to the Shannon-Hartley capacity theorem that an optimal communication chain can be formed using Figure 6 . Location of the orbit center point for a single UA and no localized noise showing the bounded (from t = (50, 500)s) and unbounded convergence rates (for t > 500s) of the UA location to the optimal X-Y location the signal-to-noise ratio of a communication link. By maximizing the the SNR of a communication link, the throughput capacity of the link is also maximized.
While it was hoped that actual flight data would have been availalbe by publicaiton, it was simply not possible due to FAA restrictions on the operation of unmanned aircraft. Instead, several simulations of the electronic chaining algorithm were presented and discussed. The simulations showed the basic cyclic motion of the aircraft using the LGVF controller that is fundamental to the ES framework. Finally, it was also shown that because of the bounds on the center point velocity, the convergence speed of the orbit center point to the location of optimal communication is also bounded.
